Abstract An analytical chemistry method has been developed that removes the plutonium (Pu) matrix from the dissolved Pu metal or oxide solution prior to the determination of trace impurities that are present in the metal or oxide. In this study, a Pu oxalate approach was employed to separate Pu from trace impurities. After Pu(III) was precipitated with oxalic acid and separated by centrifugation, trace elemental constituents in the supernatant were analyzed by inductively coupled plasma-optical emission spectroscopy with minimized spectral interferences from the sample matrix.
Introduction
Trace elemental analysis is important for nuclear material characterization and certification, nuclear fuel fabrication, and nuclear forensic studies. The levels of impurity in plutonium (Pu) metal and oxides can affect the product properties and its suitability for various applications. The impact of impurities in Pu materials was first recognized during the Manhattan Project in the 1940's when Pu metal was first produced in large quantities [1] . Quantifications of impurities in Pu materials earlier were accomplished primarily by spectrographic methods such as direct spark [2] and arc emission spectroscopy [3, 4] . The development and advancement of plasma based instrumentation in the last three decades have made it possible to replace the long-standing emission spectroscopic method with modern technologies such as inductively coupled plasma-optical emission spectroscopy (ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS). Both techniques are capable of performing simultaneous multi-elemental measurements with merits of high precision, low detection limit, large linear dynamic range, robustness, and short analysis time, hence they have been readily adopted by the nuclear industry for Pu material impurity determinations since the 1980's [5] [6] [7] [8] .
Pu metal and oxides, when dissolved in acid solution, can be analyzed directly for the majority of trace impurity elements by ICP-MS [9] . However, quantification of some trace elements such as silicon (Si) and iron (Fe) using a quadrupole based ICP-MS can be hindered by the polyatomic or isobaric interferences, resulting in elevated detection limits and enlarged measurement uncertainties. That being said, elements that are not suitable for ICP-MS measurement must be determined by ICP-OES. However, in order to quantify trace elements by the ICP-OES method, Pu matrix must be removed prior to the instrumental analysis to minimize the atomic emission spectral interferences. Various types of ion exchange resin such as AG MP-1, Dowex 1 9 8, and TEVA, have been reported by different research groups for the separation of Pu from its trace impurities [6, 7, 10, 11] .
In the Actinide Analytical Chemistry group at the Los Alamos National Laboratory (LANL), USA, the standard protocol to separate Pu prior to trace elemental analysis employs an anion exchange resin, AG MP-1 (BioRad, Hercules, CA, USA), packed into a chromatographic column [7] . The trace impurities, having negligible or minimal affinity for the AG MP-1 quaternary amine resin, pass though the column and the eluents are collected for ICP-OES measurements. The Pu retained on the column is eluted and recovered into a residue bottle. Currently, the Pu is absorbed onto a support and disposed as transuranic (TRU) solid waste. Disposal of radioactive waste is extremely expensive. The United States' only defense-related TRU waste repository plant, the Waste Isolation Pilot Plant (WIPP) in New Mexico, USA, has already been heavily occupied. There is an unquestionable urgency for the US Department of Energy (DOE) laboratories to evaluate alternative Pu separation methods to reduce or eliminate TRU waste generation. It is envisioned that any newly developed methods will promote recycle of the valuable Pu material and cost-effective chemical analysis.
Plutonium is produced from the irradiation of 238 Uranium ( 238 U) in nuclear reactors and separated from other fission products and the unconsumed uranium (U) fuel at spent nuclear fuel reprocessing plants. Industrial scale Pu separation methods include liquid-liquid extraction, ion exchange chromatography, and precipitation [12] [13] [14] [15] [16] [17] [18] [19] . Out of the latter, Pu oxalate precipitation in particular, is one of the most commonly used chemical reactions employed during the final stage of the solid Pu production process [20] . The easily filtered Pu oxalate precipitate can be further converted to an easily storable Pu oxide (PuO 2 ) when heated at above 600°C [21] . In spite of its common application at industrial scale, utilization of Pu oxalate precipitation technology for Pu material trace impurity analysis at analytical laboratories has seldom been explored.
The goal of this study is to evaluate Pu oxalate precipitation method as an alternative to the current Pu separation method that uses ion exchange chromatography prior to ICP-OES analysis. The driver is to reduce chemistry analysis cost and TRU waste generation, as Pu oxalate can be converted into Pu oxide and be recycled. First in this study, the Pu oxalate precipitation method has been assessed through the impact of reagents on the ICP-OES instrument and on the recoveries of the trace elements from Pu matrix. Second, the method detection limits (MDL) for various elements have been determined. Finally, the accuracy and precision of the method have been demonstrated through a comparison of measured trace element results to a Round Robin study (Pu Metal Exchange Program) [22] and through an evaluation of long term quality control (QC) charts for a period of over 5 years. The studies were conducted at both LANL and Atomic Weapons Establishment (AWE) in the United Kingdom (UK).
Experimental Reagents
Hydrochloric and nitric acid used for sample dissolution and instrument standard preparation were Fisher Optima (Pittsburgh, PA, USA) ultrapure grade. Hydroxylamine chloride and oxalic acids were Fisher analytical grade. De-ionized water at C18 MX cm -1 resistivity was produced by a Barnstead (Dubuque, IA, USA) E-pure system. For ICP-OES measurements, multi-element calibration and verification standards were prepared from standard solutions by High Purity Standards (Charleston, SC, USA) and Inorganic Ventures (Christiansburg, VA, USA), respectively.
Pu dissolution
Three Pu metals were employed for this study: (1) an electro refined (ER) Pu metal with low level of impurities for MDL and spike recovery studies (Metal 1); (2) Pu metal standards from the Pu Metal Exchange Program with various levels of trace impurities for precision and accuracy evaluation (Metal 3, 5, 6); and (3) research Pu samples for long term quality assurance (QA)/QC chart generation, spike recovery (Metal 2) and precision studies (Metal 4).
For the study at LANL, 0.25 g of Pu metal was dissolved with 4 mL of 6 M HCl, resulting in a solution of Pu(III). The solution was diluted to 25 mL with 0.1 M HCl. The subsequent sub-sampling of the dissolved Pu solution was accomplished by weight. For the recovery study, 400 lL of a multi-element standard at 125 lg mL -1 concentration were added to the solution before the dilution. For the reagent blank elemental recovery study, the same volume of the multi-element standard was spiked into the reagent blank solution, which included all the reagents used for the Pu dissolution, and carried through the entire dissolution process. A similar dissolution procedure was followed at AWE, except that approximately 0.5 g of metal sample was dissolved with 1 mL of concentrated HCl.
Pu precipitation
For the study at LANL, approximately 2.5 g of the dissolved Pu solution (about 25 mg Pu) was transferred into a 14 mL acid-leached polyethylene (PE) centrifuge tube. Hydroxylamine hydrochloride (0.5 mL of 20 %, w/v) was added to the dissolved Pu to ensure a complete valence adjustment to Pu(III). The system was allowed to sit for at least 30 min before the addition of 0.5 mL of 10 % (w/v) oxalic acid to form the Pu oxalate precipitate. To ensure a complete reaction and the formation of a coarse crystalline precipitate, the system was mixed thoroughly and allowed to settle for 60 min at room temperature before being centrifuged at 5000 rpm for 2 min. The supernatant was then quantitatively transferred into another 14 mL acidleached PE test tube. The Pu oxalate precipitate was washed two more times with 0.5 mL of 1 % (w/v) oxalic acid solution in 1.2 M HCl and centrifuged. The solution phase was combined with the supernatant from the previous step(s). The solution was then brought to a volume of 9 mL with 0.1 M HCl before trace elemental analysis by the ICP-OES. A schematic diagram of Pu separation by Pu oxalate precipitation is illustrated in Fig. 1 . Care was taken to avoid trace element contaminations during the process by using high purity reagents, new labware and acid-leached PE test tubes.
For the study at AWE, a volume of 1 mL of 20 % hydroxylamine chloride was added directly to the dissolved Pu in 1 mL concentrated HCl. Filtration of this solution enabled collection of problematic elements such as titanium (Ti), tungsten (W) and tantalum (Ta) where partial dissolution and extraction during oxalate precipitation was expected, especially at high concentration levels. Application of a wash volume of 20 % hydroxylamine chloride allowed the residual Pu solution to be washed from the filtration system and collected with the parent Pu solution. Addition of two to three drops of concentrated HF to the filtration system enabled dissolution of the problematic elements which were washed from the system with 15 mL of 5.5 M HNO 3 creating a secondary analytical fraction. The filtered Pu solution was then treated with 4 mL of 10 % (w/v) oxalic acid to initiate the Pu oxalate precipitate reaction and following centrifugation at 6000 rpm for 5 min, the supernatant was collected. The precipitate received three washes with 5 mL of 1 % oxalic acid in 1.2 M HCl solution and the supernatant combined forming a primary analytical fraction. Both fractions were analyzed using ICP-OES and the measurements combined where partial dissolution and extraction was apparent. Polythene centrifuge test tubes were used throughout the studies. Solution weight was used to calculate the concentration.
Instrumentation
Two ICP-OES instruments were employed for the study at LANL, depending on the instrument availability. Because the samples were highly radioactive, the conventional bench top ICP-OES instruments had to be modified to control the radiological contamination. The first instrument was a Thermo Fisher Scientific (Waltham, MA, USA) IRIS ICP-OES that was interfaced to a radiological contamination contained glove box through a quartz window. For this type of instrument configuration, the spectrometer and the associated electronics, as well as utility supplies were located outside the glove box. Only the components that came into contact with samples, such as the torch box and the sample introduction system, resided inside the glove box. The instrument was equipped with a charge injection device (CID) detector and operated at a radial view mode to the ICP. Sample introduction was accomplished through a fixed cross flow nebulizer with a Teflon Ò spray chamber. Instrument operating conditions are listed in Table 1 .
The second ICP-OES instrument employed was an Ultima 2 by Horiba Jobin-Yvon (JY, Longjumeau, France). In this case, the entire ICP-OES was placed in a radiological contamination containment fume hood. The autosampler and the peristaltic pump were located in a glove box. The fume hood and the glove box were connected by a *20'' long ''L'' shaped stainless steel tube ('' O.D.) feedthrough in which the capillary sample introduction line and the nebulizer drain line were run. In this manner, the solution was picked up from the autosampler in the glove box, transported through the stainless steel tube and the nebulization drain was fed back into the glove box through a peristaltic pump. The Ultima 2 ICP-OES was equipped with a water-cooled solid state radio frequency (RF) generator, a monochromator, and two photo multiplier tube (PMT) detectors. It was operated in the radial view mode of the ICP. A Teflon Ò Mira Mist nebulizer was employed with a Teflon Ò cyclonic spray chamber to accommodate the acid mixture. General instrument operating parameters are listed in Table 1 .
The ICP-OES used at AWE was a Perkin Elmer Plasma II (PE PII) system. Similar to the ones at LANL, this system was also interfaced with a radiological contamination enclosure with the torch box inside a glove box. The ICP-OES was a sequential scanning instrument equipped with dual monochromator and operated in radial view mode of the ICP.
Both laboratories matrix matched the calibration blanks and standards. At LANL, the instrument blank and calibration/verification standards were prepared with a mixture of 0.5 M HCl, 1.1 % (w/v) hydroxylamine chloride and 0.7 % (w/v) oxalic acid to match the sample matrix. At both laboratories, rigorous QA/QC protocols were followed including: (1) calibrating instruments each time of use, (2) checking instruments with QC standard(-s) from a second source other than the calibration standards before any sample analysis, and (3) verifying instruments with instrument blanks and continuing calibration verification standards during the analysis run for every 10-15 samples.
The gross alpha counting for 239 Pu content was performed by a windowless 2-p manual gas proportional counter (constructed in-house). A volume 0.1 mL of the supernatant solution from the oxalate precipitation was deposited on a glass cover slip and counted for 60 min in the gas proportional counter.
Results and Discussion
Pu valence adjustment for Pu oxalate precipitate Both Pu(III) and Pu(IV) are capable of forming an oxalate precipitate, and have been employed equally on industrial scales. A study on Pu(IV) oxalate precipitation in a small scale has been conducted by Crowder and Pierce [23] in support of mixed oxide (MOX) fuel fabrication at the Savannah River National Laboratory (SRNL), USA. Pu(III) oxalate precipitation, on the other hand, is a routine protocol at Los Alamos in both the nitric acid processing line for Pu metal production, and the aqueous chloride processing line to recover Pu from the chloride salt by-product [21] .
Conditions that affect the precipitation of Pu(III) oxalate such as temperature, the concentration of nitric acid, hydrochloric acid and oxalic acid have been extensively studied by Rao et al. [24] and Hasilkar et al. [25] . In contrast to Pu(IV) oxalate, temperature was found to have a negligible effect on the precipitation of Pu(III) oxalate, thus avoided the thermal hazard associated with heating the solution. The Pu(III) oxalate precipitate was also less soluble than Pu(IV) oxalate which, from an analytical perspective, decreased the potential for Pu atomic emission spectral interference during analysis of the supernatant containing the trace elements. Furthermore, the Pu(III) oxalate precipitate settled quickly and was easily filtered. For these reasons, Pu(III) oxalate precipitation was selected by nuclear processing facilities for a variety of projects including the LANL Pu metal production and the 238 PuO 2 heat source material purification processes [20, 21] .
In order to obtain or support the Pu(III) valence state in low concentration acidic solutions, reagents such as urea, sulfamic acid, ascorbic acid, and hydroxylamine (in both nitrate and chloride forms) have been reported [26] [27] [28] [29] [30] . In the LANL spectrophotometric Fe measurement protocol, hydroxylamine hydrochloride is used to adjust Pu to its trivalent state [30] . In this method, Pu metal is dissolved with 6 M HCl. Its valence is adjusted with hydroxylamine (in its chloride form) to ensure complete conversion of all the Pu species to the trivalent state. Pu is then precipitated with oxalic acid. Excess oxalic acid is required to facilitate a complete Pu oxalate precipitation in the form of a large Pu 2 (C 2 O 4 ) 3 . 10H 2 O crystalline precipitate that is easily 
Trace elemental recovery from Reagent and Pu matrix
The impact of organic reagents on ICP-OES analysis was first studied at AWE. It has been demonstrated that the organic reagents in the Pu oxalate precipitation process, including the hydroxylamine hydrochloride and the excess amount of oxalic acid, posed no adverse effect on the ICP-OES instrumentation, nor did they interfere with the trace element determination. The supernatant obtained from the precipitation reaction was analyzed directly without dilution or acidification. To examine the effect of reagent matrix on the recovery of different elements, a known amount of multi-element standards were spiked into the reagent blank in duplicate and analytes present were analyzed using the ICP-OES. The average percentage recoveries for various trace elements are listed in Table 2 . It is seen from Table 2 that 22 out of the 30 elements had recoveries between 90 to 110 %. The fact that thorium (Th) was entirely unrecovered from the reagent blank indicated that it reacted with oxalic acid and precipitated out of the solution; hence, was unable to be determined using the Pu oxalate precipitation method. This similar complex chemical behavior of Th and Pu is consistent with that reported by Huff 10 . It is also noted that barium (Ba), dysprosium (Dy), europium (Eu), gadolinium (Gd), samarium (Sm) and tin (Sn) all had recoveries at or below 90 %, whereas the recoveries for beryllium (Be) and Ta were above 110 %. Subsequently, the recoveries of these elements were scrutinized further in a spiked Pu matrix. This is essential to examine method accuracy and precision for Pu due to the long standing issue of a lack of certified reference materials (CRM) for trace impurity elements in Pu [30] . For this study, two different types of Pu metals with different levels of trace impurities were dissolved in duplicates. A known amount of multi-element standards was spiked into a portion of the dissolved Pu solutions. Pu was removed with the Pu oxalate precipitation method. Supernatants were then quantified for trace element concentrations to calculate the recoveries ( Table 2) .
The percent recoveries in Table 2 are the average the duplicate measurements with uncertainties of \1 % for all elements. It is shown in Table 2 that in terms of recovery results from the Pu matrix, elements can be categorized into three groups. The first predominant group included elements with recoveries between 90 to 110 %. These elements are suitable for determination by the Pu oxalate precipitation method. The second group contained elements such as Dy, Eu, Gd, Sm and Sn, which had shown low recoveries from the previous reagent blank study. In this case, the recovery dropped from approximately 85-90 % for the reagent blank to \1 % for the metal. It is unclear at this moment whether a heterometallic complex had formed as a precursor to the further formation of an oxalate precipitate or it was an unfortunate trapping of the rare earths and Sn in the Pu(III) oxalate crystal lattice. In either case, these elements were not suitable for Pu oxalate precipitation method. The third group of elements consisted of Ba, lead (Pb) and zirconium (Zr), which had shown acceptable recoveries from the reagent blank, but low recoveries (R \ 60 %) in the Pu matrix. These elements are also not acceptable for the Pu oxalate precipitation method due to possible partial co-precipitation with Pu oxalate. Although slightly elevated recoveries were observed for Be and Ta from the reagent blank, acceptable recoveries (between 80 to 120 %) were yielded for both elements from the Pu matrix, therefore, they are deemed acceptable for this method. For trace element measurement by ICP-OES to be spectral inference free, Pu matrix concentration needs to be less than 5 mg L -1 . To verify the completeness of Pu removal, a portion of the supernatant was also analyzed for Pu content using gross alpha counting. No detectable Pu (\5 mg L -1 ) was found in the supernatant indicating acceptable removal of Pu from the solution with the Pu oxalate precipitation method.
Method detection limit (MDL)
Most of the trace impurity elements analyzed for the final products of Pu metal and oxides are low in concentration, therefore, detection limits are valuable parameters for trace element measurement methods because they govern the low end of the reportable values. The instrument detection limit (IDL) was determined by calculating the standard deviations of the instrument calibration blanks, and multiplying by three, whereas the MDL was obtained by three times the standard deviations of the measured impurity concentrations in a sample matrix that had been carried through the entire sample preparation process. Since ER Pu metal is low in trace impurities, the MDLs for most of the elements can be generated at a level that is close to the IDLs. To determine the MDL for each element in this study, seven Metal 1 samples were dissolved and processed through the Pu oxalate precipitation separation procedure in duplicates. The supernatants were analyzed and the MDL for each element was determined (Table 3) . For comparison purposes, the MDLs generated from a different ER Pu metal for various elements by the current ion exchange separation method are also listed in Table 3 , together with the IRIS ICP-OES IDLs generated from the calibration blanks of 4 M HNO 3 and 0.02 M HF. It can be seen that the MDLs for all of the elements by the Pu oxalate precipitation method were comparable (within the same order of magnitude) to 2.3 times difference. Three were 3.5-6.7 times lower and one (magnesium, Mg) was three times higher. Overall, the MDLs determined through this study indicated that the Pu oxalate precipitation was an acceptable Pu removal approach for trace impurity measurements compared to the existing ion exchange method and met the criteria for various programs.
Method precision and accuracy
To evaluate the precision of the Pu oxalate precipitation method, two Pu metals, Metal 3 from the Pu Metal Exchange Program and Metal 4, a research Pu sample, were selected. A series of seven metal samples were prepared in duplicates from each metal and analyzed for trace impurity constituents by the Pu oxalate precipitation ICP-OES method. The results (average of 14 measurements) and the relative standard deviations (RSDs) for the replicate sample measurement are presented in Table 4 . It can be seen that the RSDs for the suite of elements processed by the Pu oxalate precipitation method ranged from 5 to 31 % (Table 4 ). Bearing in mind that concentrations of the impurity in Pu metal samples are usually very low, so the measurement uncertainties become large when the concentrations of the analyte are close to the MDL. For example, the relative standard deviation (RSD) for chromium (Cr) in Metal 3 was 5 % when the measured average concentration was 38 lg g -1 , whereas in Metal 4, the RSD increased to 24 % when the concentration was 2.8 lg g -1 , which was slightly above the MDL (2 lg g -1 ). The same was observed for manganese (Mn) and nickel (Ni). In general, a 5 % RSD was yielded when the analyte concentration was over ten times the MDL value, such as Cr and Ni in Metal 3. For analyte concentrations between three to ten times of the MDL value, a RSD of \20 % was able to be obtained.
Due to the lack of certified Pu CRMs for trace element values, the accuracy and precision of the Pu oxalate precipitation method were evaluated by a comparison to the consensus values from the Pu Metal Exchange Program [31] [32] [33] [34] . This is a Round Robin inter-laboratory comparison among several US DOE national laboratories along with AWE in the UK [22] . The goal of the Program is to provide increased confidence in accuracy and precision of analytical measurements of Pu metal samples. The trace impurity levels in these metals span the concentration range expected in Pu materials from a variety of programs. In this study, three Pu metals from the Pu Metal Exchange Program were selected to examine the accuracy of the Pu oxalate precipitation method: Metal 3 was studied at LANL and Metal 5 and 6 at AWE.
In the study at LANL, seven Metal 3 samples were dissolved and duplicate samples were processed to remove the Pu using the Pu oxalate precipitation method. The supernatants were analyzed for trace elemental concentrations by ICP-OES (Table 5 ). The analyte results listed in Table 5 . The cause for the unusually high Cu concentration (165 % of the consensus value) by the Pu oxalate precipitation method is not understood at this time.
As a part of the Pu oxalate precipitation method development, similar studies were also conducted by AWE. Metal 5 and 6 samples were processed in duplicates to reflect the sing the Pu oxalate precipitation method for Pu removal and trace impurity elements were analyzed by the ICP-OES. The results and the measured uncertainties at 95 % C.I. are listed in Table 6 , together with the Program consensus values at 95 % C.I.
It is noticed in Table 6 that for Metal 5, five out of the six elements reported were within 95 % C.I. of the consensus values [31, 32] with the exception of aluminum (Al), which had a relatively large measurement uncertainty. . It is noteworthy that the Pu Metal Exchange Program consensus values were generated not only from different laboratories but also by various analytical procedures and techniques over a period of several years. Thus, the comparison of the trace elemental results between the Pu oxalate precipitation process and the Pu Metal Exchange Program consensus values represents a true comparison among completely different analytical measurement approaches. The overall agreement of trace elemental results for all three exchange metal samples has shown that trace impurities in Pu metal are able to be measured accurately with a precision that meets the specification of various programs when the Pu matrix was removed with the Pu oxalate precipitation method. Although Pu oxides were not examined in this study, they follow the similar dissolution and separation regime, therefore, are amenable to the Pu oxalate precipitation separation method.
To further validate the method of using Pu oxalate precipitation to remove the Pu matrix prior to trace impurity determination, long term QC charts generated at AWE to monitor each element's performance are depicted in Fig. 2 , together with the 95 % C.I. of the measured mean. The elemental results in the control charts covered a period of 5 years. It is seen from Fig. 2 that the measured values for Al, Be, Mg, and W remained within the 95 % C.I. limit throughout the entire period, indicating a long term performance stability of the process. Elements such as Cr, Mn, Ni, Ta, Ti and Zn, were measured high positive only once, and Cu and Fe twice over the five-year period. Note that the high positive measurements for Cr, Fe Mn and Ni occurred on the same date, October 20, 2009 , suggesting a possible systematic issue related to either sample preparation or analysis that was specific for that day. Silicon is the only element that was measured high negative over the 95 % C.I. limit during the period of 5 years. Overall, all of the thirteen elements illustrated in Fig. 2 demonstrated acceptable long term performance stability for trace elemental analysis by ICP-OES when using Pu oxalate precipitation as a sample preparation method.
Conclusions
We have demonstrated in this study that plutonium oxalate precipitation method to remove Pu from the sample matrix prior to trace elemental analysis by ICP-OES is viable alternative to the existing ion exchange method. Most of the trace impurities are able to be determined with accuracy and precision that meet the acceptance criteria. The agreement between the measured elemental results and the Pu Metal Exchange Program consensus values served as a validation of the method, and the long term quality control monitoring chart for various elements provided further support to the qualification of the method. Compared to the current LANL ion exchange separation method, Pu oxalate precipitation method not only reduces the TRU waste generation and lowers the analysis cost, but also opens a potential channel for recycling Pu materials by generating an easily storable PuO 2 byproduct.
